


utilizes the available resources efficiently. Fig. 1 also clarifies 

the definitions that are utilized throughout the paper to refer 

to the proposed system model. We use forward link to denote 

data transmission from gNB to tUE, UAV to aUE and gNB to 

UAV. An IB-UAV uses the same spectral resources for BH 

and access links, while an IAB-gNB uses same spectral 

resources for direct and BH links.  

We exploit massive MIMO capabilities at gNB and utilize 

Multi-User MIMO (MU-MIMO) to fully reuse the available 

bandwidth between the direct and BH links. Frequency 

division multiplexing is used for forward link transmissions 

of access and direct links. We invoke the 5G heterogenous 

network (HetNet) architicture in [12] and integrate the UAVs 

as drone BSs in an IAB multi-tier drone HetNet.  

Let 𝒟 = {1, … … , 𝐷} represent the set of UAVs where |𝒟| = 𝐷. Each UAV is equipped with single receiving 

antenna and 𝑁𝑑𝑇𝑥 transmitting antennas. The gNB 𝑔 is 

equipped with 𝑁𝑔𝑇𝑥 transmitting antennas. The set 𝒰 ={1, … … , 𝑈} represents the total number of UEs in the 

simulated scenario where |𝒰| = 𝑈. Both tUEs and aUEs are 

equipped with a single receiving antenna. ℳ = {1, … … , 𝑀} 

is the group of 𝐷 BH links and the direct link of the gNB 

forward link transmissions to the tUEs where 𝑀 = 𝐷 + 1. ℳ 

also denotes the total number of BSs in the simulated 

scenario. 𝒯 = {1, … … , 𝑇} is the set of associated tUEs and 

UAVs to the gNB, where |𝒯| = 𝑇. The association vector that 

defines the serving UAV for each aUE is interpreted as 𝒂 ∈ℝ1×𝐷 where 𝒂 = [𝑎1 … … … 𝑎𝐷] with 𝑎𝑑 is the index of the 

UAV that an aUE is associated with and 𝑑 ∈ 𝒟. 

A. Channel Model 

1) Non-terrestrial links 
We invoke the pathloss models in [2], [15] to model the 

air-to-ground communication links. The path loss reciprocity 
between access (ATG) and BH (GTA) links is assumed to 
hold as both links are operating at the same spectral resources. 
The received power at aUE  𝑢 from UAV 𝑎𝑑 is 𝑃𝑎𝑑,𝑢𝑢 (𝒄𝑑) 

which is a function of the association vector and UAV location 

and can be expressed as 𝑃𝑎𝑑,𝑢𝑢 = 𝑃𝑎𝑑,𝑢 �̃�𝑎𝑑,𝑢⁄ , where 𝑃𝑎𝑑,𝑢 is 

the assigned power for forward link transmissions and ℎ̃𝑎𝑑,𝑢 =1 �̃�𝑎𝑑,𝑢⁄  is the average channel gain. We adopt the Rician 

channel model from [16], [17] to model the forward link 
transmissions of the BH and access links. We denote the 
wideband ATG multiple-input-single-output (MISO) channel 
between UAV 𝑎𝑑 and aUE 𝑢 and the GTA MISO channel 

between the gNB and UAV 𝑎𝑑 as 𝒉𝑎𝑑,𝑢 ∈ ℂ1×𝑁𝑑𝑇𝑥
 and 𝒉g,𝑎𝑑 ∈ℂ1×𝑁𝑔𝑇𝑥

 respectively.   

2) Terrestrial links 

We adopt the pathloss model for direct links between the 

gNB and tUEs from [18]. The received power at tUE 𝑢 can 

be expressed as, 𝑃𝑔,𝑢𝑢 = 𝑃𝑔,𝑢 �̃�𝑔,𝑢⁄ , where ℎ̃𝑔,𝑢 = 1 �̃�𝑔,𝑢⁄ . The 

wideband Rayleigh MISO channel between the gNB and tUE 

is represented by 𝒉g,𝑢 ∈ ℂ1×𝑁𝑏𝑇𝑥 . We exploit the MU-MIMO 

capabilities at the gNB, where the linear zero-forcing beam 

forming (LZFBF) is designed to mitigate the intra-tier 

interference between the direct links and the BH links. The 

LZFBF precoder and full rank matrix at the gNB are 

expressed as 𝑽𝑔 = 𝑯𝑔† = 𝑯𝑔∗ [𝑯𝑔𝑯𝑔∗ ]−1 ∈ ℂ𝑁𝑔𝑇𝑥×𝑀, where 

𝑯𝑔  = [𝒉𝑔,1 𝒉𝑔,2 … 𝒉𝑔,𝑀]𝑇 ∈  ℂ 𝑀×𝑁𝑔𝑇𝑥
is generated using the 

channel state information (CSI) of the MU-MIMO channels 

between 𝑁𝑏𝑇𝑥 antennas of gNB  and 𝑀 reception points. 

B. IB-IAB Forward Link Transmissions  

 The received signal at an aUE, 𝑢, from a UAV, 𝑎𝑑, can be 
expressed as the summation of the received signal, intra-tier 
and inter-tier interference as:  

In (1), 𝑥𝑎𝑑,𝑢 represents the data symbol transmitted from 

UAV 𝑎𝑑 to aUE 𝑢. �̅�𝑗𝑎 and �̅�𝑔𝑡  are the sets of aUEs associated 

with UAV 𝑗 and tUEs that are scheduled on the same 
frequency resources as aUE 𝑢 and create interference. The last 
term represents the inter-tier interference from BH and direct 
links. 𝒗𝑔,𝑘 and 𝑃𝑔,𝑘𝑢  denote the precoding vector and the 

received power at aUE 𝑢 due to the transmission from gNB to 
reception point 𝑘. 𝑛𝑢~𝒞𝒩(0, 𝜎) is the zero-mean complex 
Gaussian noise with power 𝜎2 at aUE 𝑢. The received signal 
at UAV 𝑎𝑑  from gNB can be expressed as the summation of 
the received signal, self-interference, inter-tier and intra-tier 
interference as: 𝑦𝑔,𝑎𝑑 = √𝑃𝑔,𝑎𝑑𝑎𝑑 𝒉𝑔,𝑎𝑑𝒗𝑔,𝑎𝑑𝑥𝑔,𝑎𝑑 + ∑ √𝑃𝑎𝑑,𝑖𝑅𝑥,𝑎𝑑h𝑎𝑑,𝑎𝑑  𝑥𝑎𝑑,𝑖𝑖∈𝒰𝑎𝑑𝑎   + ∑ ∑ √𝑃𝑗,𝑖𝑎𝑑

 h𝑗,𝑎𝑑𝑥𝑗,𝑖  𝑖∈𝒰𝑗𝑎𝑗∈𝒂\𝑎𝑑   + ∑ √𝑃𝑔,𝑘𝑎𝑑
 𝒉𝑔,𝑎𝑑𝒗𝑔,𝑘𝑥𝑔,𝑘𝑘∈𝒂\𝑎𝑑∪𝒰𝑔𝑡 + 𝑛𝑠 .  (2) 

In (2), 𝒰𝑎𝑑𝑎  is the set of aUEs that are associated with UAV 𝑎𝑑, 𝑃𝑎𝑑,𝑖𝑅𝑥,𝑎𝑑 is the received power at the receiving antenna of 

UAV 𝑎𝑑 due to the forward link transmissions of the UAV 
itself to its associated UEs, and 𝒰𝑗𝑎 is the set of aUEs that are 

associated with UAV 𝑗. The last term represents the intra-tier 
interference from BH and direct links. Finally, the received 
signal at tUE 𝑢 from gNB can be expressed as the summation 
of the received signal, intra-tier and inter-tier interference as:   𝑦𝑔,𝑢 = √𝑃𝑔,𝑢𝑢 𝒉𝑔,𝑢𝒗𝑔,𝑢𝑥𝑔,𝑢 + ∑ 𝒉𝑔,𝑢𝒗𝑔,𝑗𝑥𝑔,𝑗𝑗∈𝒂 +∑ ∑ √𝑃𝑗,𝑖𝑢𝑖∈�̅�𝑗𝑎 h𝑗,𝑢𝑥𝑗,𝑖  𝑗∈𝒂 + 𝑛𝑢 .  (3) 

The instantaneous received SINR at each reception point 
can be written as (4), (5), and (6). The UAVs are assumed to 
be full-duplex (FD) capable drone BS which can be integrated 
in the IB-IAB deployments and have the capability to 
completely mitigate the FD self-interference. Thus, the first 
term can be omitted from the denominator of (5). We assume 
perfect CSI knowledge at the gNB, where LZFBF is utilized 
to completely mitigate intra-tier interference between BH 
links and direct link [19].  𝛾𝑎𝑑,𝑢 = 𝑃𝑎𝑑,𝑢𝑢

 |ℎ𝑎𝑑,𝑢|2
∑ |ℎ𝑗,𝑢|2 ∑ 𝑃𝑗,𝑖𝑢𝑖∈�̅�𝑗𝑎𝑗∈𝒂\𝑎𝑑 +‖𝒉𝑔,𝑢‖2(∑ 𝑃𝑔,𝑘𝑢𝑘∈𝒂∪�̅�𝒈𝑡 )+𝜎2 ,  (4) 𝛾𝑔,𝑎𝑑 =  (5) 𝑃𝑔,𝑎𝑑𝑎𝑑 |𝒉𝑔,𝑎𝑑𝒗𝑔,𝑎𝑑|2

∑ 𝑃𝑎𝑑,𝑖𝑅𝑥,𝑎𝑑𝑖∈𝒰𝑎𝑑𝑎 +∑ |ℎ𝑗,𝑎𝑑|2𝑗∈𝒂\𝑎𝑑 ∑ 𝑃𝑗,𝑖𝑎𝑑𝑖∈𝒰𝑗𝑎 +‖𝒉𝑔,𝑎𝑑‖2(∑ 𝑃𝑔,𝑘𝑎𝑑𝑘∈𝒂\𝑎𝑑∪𝒰𝑔𝑡 )+𝜎2 ,  
𝛾𝑔,𝑢 = 𝑃𝑔,𝑢𝑢 |𝒉𝑔,𝑢𝒗𝑔,𝑢|2‖𝒉𝑔,𝑢‖2 ∑ 𝑃𝑔,𝑗𝑢𝑗∈𝒂 +∑ |ℎ𝑗,𝑢|2 ∑ 𝑃𝑗,𝑖𝑢𝑖∈�̅�𝑗𝑎𝑗∈𝒂 +𝜎2 .  (6) 

𝑦𝑎𝑑,𝑢 = √𝑃𝑎𝑑,𝑢𝑢 ℎ𝑎𝑑,𝑢𝑥𝑎𝑑,𝑢 + ∑ ∑ √𝑃𝑗,𝑖𝑢 ℎ𝑗,𝑢𝑥𝑗,𝑖𝑖∈�̅�𝑗𝑎𝑗∈𝒂\𝑎𝑑 +∑ √𝑃𝑔,𝑘𝑢 𝒉𝑔,𝑢𝒗𝑔,𝑘𝑥𝑔,𝑘𝑘∈𝒂∪�̅�𝑔𝑡 + 𝑛𝑢.  (1)  



III. PROBLEM FORMULATION 

We deploy the UAVs in a highly congested area, where 
the congestion causes some UEs to suffer low levels of quality 
of service (QoS) while other UEs do not have service due to 
the lack of spectral resources or poor coverage. The proposed 
algorithm exploits the mobile capabilities of the UAVs as the 
main degree of freedom (DOF) to maximize the overall 
system sum-rate of both aUEs and tUEs while keeping the 
interference levels low. The overall instantaneous sum-rate is 
the sum of the instantaneous rates of aUEs and tUEs at each 
CSI instant and can be represented as follows: ℜ = ∑ ∑ log2(1 + 𝛾𝑗,𝑖)𝑖∈𝒰𝑗𝑎𝑗∈𝒂 + ∑ 𝑙𝑜𝑔2(1 +𝑖∈𝒰𝑔𝑡 𝑡 𝛾𝑔,𝑖). 

(7) 

The master optimization problem can be formulated as 

follows to find the optimal 3D hovering locations of the 

UAVs, UE-power allocation, precoder design at BH links, 

and the UE-association set per each UAV and gNB:  𝑚𝑎𝑥𝑪,   𝒑,   𝒑𝑔𝒂 ,   𝒂 , 𝑽𝑔 ℜ, (8) 

 Subject to 𝛾𝑗,𝑖 , 𝛾𝑔,𝑖 ≥ 𝛾𝑡ℎ𝑢 , ∀ 𝑗 ∈ 𝒂 and 𝑖 ∈ 𝒰,  (8-a) 𝑇𝑟(𝑷𝑔𝑽𝒈∗ 𝑽𝑔)  ≤  𝑃𝑔𝑚𝑎𝑥,  (8-b) 

where 𝑪 ∈ ℝ3×𝐷 is the 3D location matrix of UAVs with 𝒄𝑑 =[𝑥𝑑 , 𝑦𝑑 , 𝑧𝑑]𝑇and 𝒑 ∈ ℝ1×𝑈
 where 𝒑 = [𝑃𝑚,1 … … 𝑃𝑚,𝑈] is the 

UE-power allocation vector with 𝑃𝑚,𝑢 being the power 

allocated by BS 𝑚 for forward link transmissions of UE 𝑢. 𝑚 
can be the gNB 𝑔 or UAV 𝑎𝑑 based on the optimal association 

vector. 𝒑𝑔𝒂 ∈ ℝ1×𝐷
 where 𝒑𝑔𝒂 = [𝑃𝑔𝑎1 … … 𝑃𝑔𝑎𝐷] is the UAV-

power allocation vector with 𝑃𝑔𝑎𝑑 being power allocated by 

gNB for forward link transmissions of BH link of UAV 𝑎𝑑. 𝑽𝑔 is the optimal precoder design at gNB. To guarantee that a 

target QoS is satisfied at each UE, the received SINR at tUEs 
and aUEs are constrained by 𝛾𝑡ℎ𝑢  (8-a). 𝑃𝑔𝑚𝑎𝑥 represents 

maximum transmit power of the gNB and is utilized to define 
the power budget constraint on the precoder design. 𝑷𝑔 =𝑑𝑖𝑎𝑔(𝑃𝑔,1, 𝑃𝑔,2, … … , 𝑃𝑔,𝑀) denotes the transmit power 

allocation of gNB, where 𝑃𝑔,𝑚 denotes forward link 

transmission power assigned by gNB to link 𝑚. 

The master optimization problem presented in (8) cannot 
be considered as a single optimization problem due to the 
severe variations between the update time instants of each 
optimization variable. On one hand, the optimal 𝑪 and 𝒂 
should be updated every update instant the network reaches a 
predefined user-drop rate or the QoS of certain group of UEs 
decreases below a predetermined level. On the other hand, the 
optimal 𝒑, 𝒑𝑔𝒂  and 𝑽𝑔 that yield the maximum instantaneous 

rate should be updated each CSI instant. To this end, we 
decompose the master optimization problem in (8) into two 
sub-optimization problems due to the mutual dependence 
between the optimization variables and their update time 
instants. The first sub-problem (P-I) defines the optimal 𝑪, 𝒂, 𝒑 and 𝒑𝑔𝒂  that yield the maximum average system sum-rate. 

The second sub-problem (P-II) defines the optimal 𝑽𝑔 and 𝒑𝑔 

to update the gNB optimal power allocations that yield the 
maximum instantaneous sum-rate on BH and direct links. The 
network performance is optimized on one hand utilizing P-I 
in large-scale perspective (i.e., every update instant) and on 
the other hand utilizing P-II in small-scale perspective.  

The sub-problem P-I can be formulated as the sum of the 
average sum-rate of aUEs and tUEs as follows: 𝑚𝑎𝑥𝑪,   𝒑,   𝒑𝑔𝒂 ,   𝒂 ∑ ∑ log2(1 + �̃�𝑗,𝑖)𝑖∈𝒰𝑗𝑎𝑗∈𝒂 +  ∑ log2(1 + �̃�𝑔,𝑖)𝑖∈𝒰𝑔𝑡 ,  
Subject to (9) �̃�𝑎𝑑,𝑢 = 𝑃𝑎𝑑,𝑢ℎ̃𝑎𝑑,𝑢∑ ℎ̃𝑗,𝑢𝑗∈𝒂\𝑎𝑑 ∑ 𝑃𝑗,𝑖𝑖∈�̅�𝑗𝑎 +ℎ̃𝑔,𝑢(∑ 𝑃𝑔,𝑘𝑢𝑘∈𝒂∪�̅�𝒈𝑡 )+𝜎2 ≥ 𝛾𝑡ℎ𝑢 ,  (9-a) 

�̃�𝑔,𝑢 = 𝑃𝑔,𝑢ℎ̃𝑔,𝑢∑ ℎ̃𝑗,𝑢 ∑ 𝑃𝑗,𝑖𝑖∈�̅�𝑗𝑎𝑗∈𝒂 +𝜎2 ≥ 𝛾𝑡ℎ𝑢 ,   (9-b) 

�̃�𝑔,𝑎𝑑 =  𝑃𝑔,𝑎𝑑𝑎𝑑  ℎ̃𝑔,𝑎𝑑∑ ℎ̃𝑗,𝑎𝑑 ∑  𝑃𝑗,𝑖𝑎𝑑𝑖∈𝒰𝑗𝑎 +𝜎2𝑗∈𝒂\𝑎𝑑 ≥ 𝛾𝑡ℎ𝐵𝐻 𝑎𝑑 ∈ 𝒂,  (9-c) 

(𝑃𝑎𝑑,𝑢�̃�𝑎𝑑,𝑢 − 𝑃𝑎𝑑′,𝑢�̃�𝑎𝑑′,𝑢) > 0, ∀ 𝑑, 𝑑′ ∈ 𝒟, 𝑑 ≠ 𝑑′,  (9-d) 𝑃𝑎𝑑,𝑢 ∈ [0, 𝑃𝑎𝑑𝑚𝑎𝑥] , 𝑃𝑔,𝑢 ∈ [0, 𝑃𝑔𝑚𝑎𝑥],  (9-e) 𝑐𝑑 ∈ [𝑐𝑑𝑚𝑖𝑛, 𝑐𝑑𝑚𝑎𝑥], ∀ 𝑐 ∈ {𝑥, 𝑦, 𝑧}, (9-f) 

where 𝑃𝑎𝑑,𝑢(𝑎𝑑) is the assigned power for forward link 

transmissions while ℎ̃𝑎𝑑,𝑢(𝒄𝑑) is the average channel gain and 

is a function of the association vector and the UAV’s location. 
The strict inequality in (9-d) guarantees that for a UE to be 
connected to a UAV, the received power from this UAV must 
be greater than the received power from any other UAV.  

The sub-problem P-II can be formulated as follows:  𝑚𝑎𝑥𝒑𝑔, 𝑽𝑔 ∑ log2(1 + 𝛾𝑔,𝑗)𝑗∈𝒂 + ∑ 𝑙𝑜𝑔2(1 + 𝛾𝑔,𝑢)𝑢∈𝒰𝑔𝑡 ,  (10) 

 Subject to                𝛾𝑎𝑑,𝑢 ≥ 𝛾𝑡ℎ𝐵𝐻, 𝛾𝑔,𝑢 ≥ 𝛾𝑡ℎ𝑢 ,  (10-a) 𝑇𝑟(𝑷𝑔𝑽𝒈∗ 𝑽𝑔)  ≤  𝑃𝑔𝑚𝑎𝑥,  (10-b) 

where 𝒑𝑔 ∈ ℝ1×𝑇, 𝒑𝑔 = [𝑃𝑔,1 … … 𝑃𝑔,𝑇] is the reception 

point-power allocation vector with 𝑃𝑔,𝑡 being the power 

allocated by gNB for forward link transmissions of reception 

point 𝑡, and 𝛾𝑡ℎ𝐵𝐻denotes the SINR threshold at BH links.   

IV. PERFORMANCE EVALUATION 

In this section we use an exhaustive search process to find 
the feasible set of solutions of P-I and present results to prove 
the efficiency of utilizing the UAVs as drone BSs in IB-IAB 
networks. Due to the limited processing capabilities of the 
exhaustive search process we consider a single gNB and UAV 
in an urban macro (UMa) scenario where a limited number of 
UEs are distributed over a geographical area of size 1.5 km × 
1.5 km. We define two scenarios of user clustered 
distributions to evaluate the efficiency of utilizing the UAVs’ 
mobile capabilities. In scenario 𝔸 users are clustered in 
multiple hotspots that are randomly distributed in the coverage 
area. In scenario 𝔹 we discuss the single hotspot case where 
specific number of UEs are normally distributed in a single 
hotspot while other UEs are randomly distributed in the 
remaining coverage area. The simulation parameters are 
summarized in Table I.  

TABLE I SIMULATION PARAMETERS. 

Parameter Value Parameter Value 𝑃𝑔𝑚𝑎𝑥  46 dBm 𝑃𝑎𝑑𝑚𝑎𝑥 36 dBm 𝛾𝑡ℎ𝑢 , 𝛾𝑡ℎ𝐵𝐻 3, 10 dB 𝜎2 -104 dBm 

System Bandwidth 20 MHz 𝑓𝑐 2 GHz 
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